




The Use of Oxidants for NDMA Precursor
Deactivation in Wastewater Treatment
Jaclyn Lauer
Clemson University, jlauer@clemson.edu
Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Part of the Environmental Engineering Commons
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.
Recommended Citation

















In Partial Fulfillment 
of the Requirements for the Degree 
Master of Science 









Dr. Tanju Karanfil, Committee Chair 
Dr. David A. Ladner 














 Water treatment plants in the United States (US) have been switching from 
chlorination to chloramination in the search for a disinfection process to reduce formation 
of regulated disinfection by-products (DBPs). Unfortunately, the trade-off is the 
formation of N-nitrosamines. N-nitrosodimethylamine (NDMA) is the most commonly 
detected N-nitrosamine in US distribution systems. In the Integrated Risk Information 
Service (IRIS) database of the United States Environmental Protection Agency (USEPA), 
NDMA has been identified to have an estimated 10
-6
 lifetime cancer risk level at a 
concentration of 0.7 ng/L in drinking water. N-nitrosamines are currently not regulated by 
the USEPA; however, are listed on the Contaminant Candidate List 3 (CCL3). USEPA is 
in the process of a regulatory determination for NDMA in drinking water. 
As wastewater effluents become an increasing influence on surface waters and de 
facto water reuse becomes more common, the need to remove NDMA precursors 
becomes more urgent. Furthermore, low pressure UV lamps used for disinfection in 
wastewater treatment have been shown to have minimal effect on the removal of NDMA 
precursors. In fact, the increasing trend of switching from chlorine to UV disinfection at 
many wastewater treatment plants can be one reason for the increasing influence of 
wastewater effluents on downstream water treatment plants for NDMA formation. The 
use of oxidants in wastewater could be used to reduce the release of NDMA precursors 
into surface waters. Chlorine, ozone, and chlorine dioxide have been shown to vary in 
their effectiveness on removing NDMA precursors. 
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 The first objective in this study was to compare chlorine to UV disinfection on 
removing NDMA precursors. Ten wastewater treatment plants were sampled before and 
after UV or chlorine disinfection. The UV disinfection results confirmed the findings in 
the literature and showed minimal removal. On the other hand, chlorine was found to 
have varying effectiveness. Plants low in ammonia concentration (<0.4 mg/L) showed 
high degree of NDMA precursor removal with chlorine at varying doses. Conversely, 
plants high in ammonia concentration (>0.8 mg/L) showed low removal at low doses; 
however, as dose increased, so did the removal. Further tests of five plants from the 
previous ten provided similar results, confirming that ammonia concentration directly 
affects removal of NDMA precursors. Increasing the chlorine dose consumes the 
ammonia, leaving free chlorine to oxidize NDMA precursors.  
 The second objective was to examine the effectiveness of ozone, chlorine dioxide, 
and UV for the control of NDMA precursors. Effluents from two municipal wastewater 
treatment plants, one with high ammonia and the other with low ammonia concentrations, 
were compared. Ozone showed almost complete removal of NDMA precursors (~95%) 
in the presence and absence of ammonia. Chlorine dioxide exhibited variable degree of 
NDMA precursor removals (19-90%) depending on the dose. UV showed little to no 
removal which was expected.  
 The third objective examined the influence of the oxidants on the NDMA 
precursor once discharged from a wastewater treatment plant. Chlorine, ozone, chlorine 
dioxide, UV, and a control (i.e., no oxidant or UV) were tested in simulated batch natural 
attenuation experiments to assess how NDMA precursors are behaving in natural 
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systems. The most change occurred with the effluent UV and the control. UV showed 
initially to have minimal removal of NDMA precursors which follows literature and 
previous objectives in this research; however, it did degrade 50% by day 7 and then 73% 
by day 20. The control showed similar trends with a degrade in NDMA precursors at 
50% at day 7 and then 82% by day 20. Since oxidants chlorine (in the presence of low 
ammonia), chlorine dioxide, and ozone were able to remove large amount of NDMA 
precursors, there was minimal change after entering the simulated natural system.  
 Overall,  a small dose (much lower than required for disinfection) of chlorine, 
ozone, and chlorine dioxide could be used in wastewater treatment plants for the removal 
of NDMA precursors which would benefit downstream water treatment plants and future 
applications of water reuse for NDMA control. The effectiveness of ozone and chlorine 
dioxide will not be sensitive to background ammonia levels whereas for chlorine to be as 
effective, first the background ammonia demand needs to be satisfied. This research 
showed that NDMA control strategies require a holistic approach, and the solution may 
be more feasible to address at the upstream wastewater treatment plants rather than 
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In the search for a disinfection process to reduce the formation of regulated 
disinfection by-products (DBPs), many water treatment plants in the United States (US) 
have been switching from chlorination to chloramination (Li et al., 2011). Although 
chloramination reduces regulated DBPs such as trihalomethanes and haloacetic acids, it 
causes the formation of N-nitrosamines. Nitrosamines are a class of compounds that are 
probable human carcinogens, mutagens, and teratogens (USEPA IRIS, 1993).   
N-nitrosodimethylamine (NDMA), Figure 1.1, is the most commonly detected N-
nitrosamine in the distribution systems in the US (Russell et al., 2012). In the Integrated 
Risk Information Service (IRIS) database of the United States Environmental Protection 
Agency (USEPA), NDMA is estimated to have an estimated 10
-6
 lifetime cancer risk 
level at a concentration of 0.7 ng/L in drinking water (USEPA IRIS, 1993). The 
widespread detection of NDMA in drinking water distribution systems and its health 
effects has prompted the California Department of Health Services and the Massachusetts 
Department of Environmental Protection to implement a maximum level of 10 ng/L for 
NDMA in drinking water (MassDEP, 2004; OEHHA, 2006). N-nitrosamines are 
currently not regulated by the USEPA; however, are listed on the Contaminant Candidate 
List 3 (CCL3) (USEPA, 2009). Furthermore, USEPA has recently identified N-
nitrosamines as one of three potential groups of contaminants highlighted for possible 
regulatory action (Roberson, 2011). Consequently, new regulatory actions for N-




Figure 1.1. Structure of NDMA. 
Research evaluating the NDMA formation potential has identified precursors such 
as secondary amines (e.g., dimethylamine [DMA]), tertiary and quaternary amines with 
DMA functional groups, natural organic matter (NOM), polyelectrolytes, ion-exchange 
resins, fungicides, pesticides, herbicides, pharmaceuticals, personal care products, algae, 
soluble microbial  products, and wastewater effluent organic matter (Krasner et al., 2013; 
Selbes et al., 2013). Among these precursors, wastewater effluent organic matter is 
deemed to have the highest contribution of NDMA precursors to water treatment utilities 
(Krasner et al., 2013). Furthermore, several US cities depend on surface waters that are 
under the influence of wastewater discharges (Gan et al., 2013; Rice et al., 2013), and in 
drought conditions wastewater has the potential of becoming a high influence on surface 
waters. As anticipated, wastewaters contain a range of precursors leading to high NDMA 
formation and improving their removal from wastewater effluents would drastically 
decrease many issues that downstream water treatment plants may face for removing 
these precursors. Also, as water reuse becomes an increasing trend around the nation, the 
need for the removal of NDMA precursors during wastewater treatment becomes more 
important.  
Many wastewater treatment facilities have recently begun switching from chlorine 
disinfection to UV disinfection. This switch, although it has several benefits, is expected 
to have an effect on the amount of NDMA precursors entering surface waters from 
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wastewater discharges. This is because chlorine is effective in decreasing NDMA 
formation potentials in water while low pressure UV, at its typical application dose in 
wastewater treatment, is not.  
Research mainly conducted for drinking water treatment has demonstrated that 
NDMA formation can be reduced by oxidants – such as chlorine, ozone, chlorine dioxide, 
permanganate, ferrate, and hydrogen peroxide, and – prior to chloramination (Charrois 
and Hrudey, 2007; Chen and Valentine, 2008; Lee et al., 2007, 2008; Shah et al., 2012). 
Ozone and chlorine are effective oxidants for controlling NDMA precursors, likely due to 
their high reaction rate constants with amines (von Gunten, 2003; Ternes and Joss, 2006; 
Lee and von Gunten, 2010; Krasner et al., 2012). Although chlorine dioxide has the 
potential to decrease NDMA formation (Lee et al., 2007), studies have also observed an 
increase the overall NDMA formation (Shah et al., 2012). Similarly, the use of oxidants 
at the wastewater utilities, if understood well, could be an effective strategy to reduce the 
release of NDMA precursors into surface waters. The effectiveness of these oxidants has 
been shown in drinking water treatment; much less is known about their effectiveness for 
NDMA precursor control in wastewater effluents.  
Although several studies investigated the oxidation strategies for NDMA 
precursor control, understanding the interaction of oxidants with NDMA precursors in 
wastewaters would provide valuable information for controlling NDMA formation in 
drinking water treatment plants that rely on surface waters impacted by wastewaters. 
Thus, the main objectives of this study was to: (i) examine the effectiveness of current 
disinfection processes in selected WWTPs, (ii) compare the effectiveness of chlorine, 
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chlorine dioxide, ozone and UV for reducing NDMA formation potential in water, and 
(iii) evaluate the natural attenuation of NDMA precursors (that have been exposed to 
different oxidants) after discharge from wastewater treatment plants.  
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II. LITERATURE REVIEW 
 
NDMA occurrence in drinking water 
NDMA in drinking water was initially found in the 1980s and 1990s in Ontario, 
Canada (Munoz and Sonntag, 2000). It was thought that sources for NDMA were 
anthropogenic contaminants and microbiological transformation of those precursors or 
partial oxidation of hydrazines (Kim and Choi, 2002). For example, wastewater effluent 
used as recharge for an aquifer is suspected to be the culprit for high NDMA levels 
(3,000 ng/L) in a ground water near rocket engine testing facilities in Sacramento, 
California, and also down gradient of drinking water wells (Mitch et al., 2003a, 2009). A 
survey by California Department of Health Services also found that NDMA formed as a 
by-product of chlorine or chloramine disinfection of water and wastewater. Especially in 
locations where chlorinated wastewater effluent was reused, NDMA was detected at 
elevated concentrations (i.e., >100 ng/L) (Mitch et al., 2003a). 
N-nitrosamines have been listed in CCL3 and monitored in Unregulated 
Contaminant Monitoring Rule 2 (UCMR2). Since 1999, three Unregulated Contaminant 
Monitoring Rule (UCMR) programs, in coordination with the Contaminant Candidate 
List (CCL), have been issued (USEPA, 2006). The USEPA provides a new list of 
unregulated contaminants once every five years to be monitored in public water systems, 
and this monitoring provides a basis for future regulatory actions to protect public health. 
UCMR2 sampling results revealed that NDMA was detected in U.S. drinking waters at 
concentrations > 2 ng/L in 10% of the samples surveyed, and 26% of systems detected 
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NDMA in at least one sample (Russell et al., 2012). NDMA was primarily detected in 
systems using chloramines where long contact times occurred in the water systems 
(ranging from 4 to 15 ng/L (the maximum NDMA measured was 630 ng/L)); however, 
other nitrosamines (e.g., NDEA, NDBA, NPYR, and NMEA) were rarely detected at 
levels above their MRLs (Minimum Reporting Level) (Russell et al., 2012). States that 
report the highest percent of chloramines uses in water treatment operations (California, 
Florida, Minnesota, Oklahoma, and Texas) also observed the highest NDMA 
concentrations. The study showed 35% of the samples were above the MRL (Russell et 
al., 2012). 
Occurrence of NDMA Precursors in Wastewater 
Domestic and industrial wastewaters contain both NDMA and NDMA precursors. 
Wastewater treatment plants have detected over 400 ng/L of NDMA in the influent for an 
average daily concentration (Sedlak and Kavanaugh, 2006). The average for NDMA 
precursors ranged from 2500 to 5500 ng/L. However, wastewaters influenced by 
industrial discharge saw increased concentrations from 1680 to18000 ng/L (Sedlak and 
Kavanaugh, 2006). Some N-nitrosamines have been found in personal care products 
which are formed from amine precursors and nitrosating agents. The most commonly 
found in cosmetic products is nitrosodiethanolamine (NDELA). Pharmaceutical products 
also serve as N-nitrosamine precursors (Mitch et al., 2003b). Personal care products and 
pharmaceuticals ultimately end up in wastewater treatment plants adding NDMA 





DMA is the most studied model precursor of NDMA (Andrzejewski et al., 2008; 
Choi and Valentine, 2003; Lv et al., 2009; Mitch and Sedlak, 2002; Mitch et al., 2003).  
However, studies have shown that DMA concentrations present in surface waters 
(Gerecke and Sedlak, 2003; Lee et al., 2007) and secondary municipal wastewaters 
(Mitch and Sedlak, 2004) are insufficient to explain the amount of NDMA formation. 
Various other nitrogenous organic compounds have been reported to serve as the 
precursors of NDMA such as tertiary and quaternary amines with DMA functional 
groups (Lee et al., 2007; Kemper et al., 2010; Shen and Andrews, 2011a,b), natural 
organic matter (NOM) and fractions of NOM (Gerecke and Sedlak, 2003; Mitch and 
Sedlak, 2004; Chen and Valentine, 2007; Dotson et al., 2007; Krasner et al., 2008), 
polyelectrolytes and ion-exchange resins (Gough et al., 1977; Kimoto et al., 1980; Najm 
and Trussell, 2001; Kohut and Andrews, 2003; Wilczak et al., 2003; Mitch and Sedlak, 
2004; Nawrocki and Andrzejewski, 2011), fungicides, pesticides, and herbicides 
(Graham et al., 1995; Chen and Young, 2008; Schmidt and Brauch, 2008), 
pharmaceuticals, cosmetics (Sacher et al., 2008; Shen and Andrews, 2011a,b), and 
wastewater effluent/impacted waters (Krasner et al., 2004; Sedlak et al., 2005; Krasner et 
al., 2009; Krauss et al., 2009; Shah et al., 2012; Gan et al., 2013). 
Wastewater impacted waters have the highest NDMA formation and thus thought 
to be the most significant source of NDMA precursors (Guo and Krasner, 2009; Krasner, 
2009; Schreiber and Mitch, 2006; Shah and Mitch, 2012). Precursors in wastewater 
include tertiary amine-based pharmaceuticals, quaternary amine-based constituents of 
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shampoos, pharmaceuticals, and potentially pesticides, fungicides, herbicides, or 
insecticides if affected agriculturally. 
Wastewater constituents such as pharmaceuticals and personal care products 
(PPCP) have been shown to form NDMA during chloramination (Shen and Andrews, 
2011a,b). Shen and Andrews (2011a) studied 20 PPCPs. Among these, NDMA yields 
were higher than 1% for eight pharmaceuticals (i.e., ranitidine, sumatripan, tetracycline, 
doxylamine, chlorphenamine, nizatidine, diltiazem, and carbinoxamine) (Shen and 
Andrews, 2011a). PPCPs have very low trace amounts in the environment so this 
suggests that they may not account for the majority of the NDMA formation. Ranitidine, 
showed the highest molar conversion (60-90%) to NDMA caused by the benzyl 
functional group (Le Roux et al., 2011; Shen and Andrews, 2011a,b).  
In agricultural applications, some herbicides, pesticides, insecticides and 
fungicides used are shown to be NDMA precursors. These applications produced much 
lower molar NDMA conversions than secondary, tertiary and quaternary amines most 
likely caused by the carbonyl groups. It has also been observed that ozonation of these 
amides formed NDMA without sequential chloramination, and NDMA formation from 
amides are rapid (<1 h) and the molar yields could be more than 50% (Kosaka et al., 
2009; Schmidt and Brauch, 2008; Shen and Andrews, 2011a; Von Gunten et al., 2010).  
Finally, materials such as rubber seals and gaskets leached NDMA and its 
precursors in oxidant-free water and formed more NDMA after chloramination (Morran 
et al., 2011; Teefy et al., 2011). It was also noted that increasing contact times (i.e., 
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stagnation period) with these materials resulted in further increases in NDMA levels by 
an additional 10 to 25 ng/L (Morran et al., 2011). 
Removal of NDMA Precursors 
NDMA continues to form if precursors are still present in wastewater and are not 
readily removed since NDMA formation kinetics are slow. There has been removal of 
NDMA precursors in wastewater with secondary treatment in wastewater plants up to 60 
to 90% of NDMA precursors. However, since the influent amount ranges from 2500 to 
5500 ng/L, this still leads to high amounts of NDMA precursors in the effluent (Sedlak 
and Kavanaugh, 2006).   
Other disinfection processes  (chlorine, chlorine dioxide, and ozone)  have shown 
similar cases with either increasing or decreasing NDMA formation potential under 
certain circumstances. The common switch from chlorination to UV disinfection in 
wastewater treatment facilities may lead to increased formation of NDMA. 
 It has been shown in recent literature that UV treatment at doses less than 100 
mJ/cm
2
 had minimal effect on NDMA precursors in surface waters (Shah et al. 2012).  
UV treatment has  been observed to destroy present NDMA in the wastewater. Low 
pressure UV produces light in a narrow band of 254 nm wavelength which is between the 
NDMA absorption bands, and medium pressure UV lamps produce wavelength in the 
range of 200 to 270 nm which also covers the NDMA adsorption bands.  NDMA has an 
adsorption peak at 228-nm wavelength and strongly absorbs UV light from 185 to 275 
nm. It also weakly absorbs from 330 to 400 nm (Sedlak and Kavanaugh, 2006). This 
means that UV light between the absorption bands will attack NDMA and break the N-N 
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bond destroying the NDMA molecules (Sedlak and Kavanaugh, 2006). UV removal of 
NDMA has shown ranges from 12% to 65% (Soroushian et al., 2001).  NDMA has been 
seen to reform after UV treatment when chlorine is applied (Soroushian et al., 2001).  
 With the use of chlorine as the disinfectant, the use of the 
nitrification/denitrification process to remove ammonia also helps in reducing NDMA 
precursors in wastewater treatment (Sedlak and Kavanaugh, 2006). In studies in water 
treatment plants, when trying to decrease NDMA formation, chlorine addition prior to 
chloramination significantly reduced NDMA formation. In wastewater treatment, when 
chlorine addition was applied before the addition of ammonia, a decrease in NDMA 
formation occurred because the fully nitrified wastewaters had chlorinated organic 
nitrogen species (Schreiber and Mitch, 2005). However in non-nitrified wastewaters 
effluents, the application of monochloramine might lead to be detrimental because the 
addition of hypochlorite leads to high NDMA formation rates from NDMA precursors 
(Mitch et al., 2005). Chlorine reacts very quickly with aliphatic amines forming organic 
chloramines (Abia et al., 1998). From hypochlorous acid to DMA, the rate constant for 
chlorine was determined to be 6.1 x 10
7
 /M x s (Mitch and Sedlak, 2002; Chen and 
Valentine, 2005). One concern with using high doses of chlorine is the tradeoff of 
forming halogenated DBPs while destroying NDMA precursors (Shah et al., 2012). 
 Ozone and chlorine dioxide have been shown to remove NDMA precursors with 
varying evidence. When the use of ozonation was tested in lab-scale experiments with 
various aliphatic amines, slow decay was observed and was deemed insufficient (Mitch et 
al., 2003b). Ozone and chlorine dioxide are known to be highly selective oxidants. 
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Oxidants can lead to the formation of DMA when the tertiary amine of NDMA 
precursors is oxidized. Chlorine dioxide was found to have a higher yield of DMA than 
ozone. However, with the use of these oxidants, NDMA formation potential is 
significantly reduced with ozone being more effective (Sacher and Schmidt, 2008). The 
formation of NDMA during ozonation has been observed without chloramination with 
precursors such as amides (Schmidt and Brauch, 2008; von Gunten et al., 2010), anti-
yellowing agents (Kosaka et al., 2009), and polymers (Padhye et al., 2011a). When these 
precursors occurred in natural waters, ozonation led to the formation of NDMA (Asami et 
al., 2009; von Gunten et al., 2010). A similar find with Chlorine dioxide was noted to be 
relatively ineffective over exposures relevant to disinfection. In some cases, chlorine 
dioxide promoted NDMA FP across the range of exposures (Andrzejewski, Kasprzyk-
Hordern, and Nawrocki, 2005). 
 Powered activated carbon has demonstrated effective removal in many studies of 
NDMA precursors. Experiments using powdered activated carbons (PAC)  to remove 
NDMA precursors was demonstrated to remove 73% after 7 days contact time with 50 
mg/L of PAC (Krasner et al., 2008). In the case of wastewater impacted sources with the 
same contact time exposed to 5 mg/L of PAC showed 50% of NDMA FP reduction, and 
90% or greater with 20 mg/L (Sacher et al., 2008). In another study, Hanigan et al. (2012) 
reported 37% NDMA FP in a secondary wastewater effluent at 3 mg/L of PAC dose and 
4 h contact time. They also reported a dose of 75 mg/L of PAC had approximately 90% 
removal in secondary wastewater effluents in the same study.  
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Wastewater utilities may be able to decrease NDMA precursors with the 
application of microfiltration/reverse osmosis (MF-RO) systems. MF-RO was not able to 
remove NDMA but was able to remove NDMA precursors. DMA was not readily 
removed during microfiltration which indicates that other species of NDMA precursors 
are prevalent in wastewater. With reverse osmosis, greater than 98% of NDMA 
precursors were removed, but only 50% of NDMA was removed, and other filtration 
processes, such as ultrafiltration, displayed negligible reduction in NDMA FP 
(Pehlivanoglu-Mantas and Sedlak, 2008). This is because NDMA precursors are 
associated with low molecular weight compounds. The only filtration process to show 
complete removal was reverse osmosis at selected wastewater treatment plants in 
California (Mitch and Sedlak, 2004). For selected nitrosamine precursors, 
dimethylamine, methylethylamine, diethylamine, and dipropylamine, eliminations of 
more than 98.5% have been reported with reverse osmosis (Miyashita et al., 2009). 
Other removal pathways for NDMA precursor removal are biofiltration and 
riverbank filtration (Krasner et al., 2012; Sacher et al., 2008).  Both partially remove 
NDMA precursors; however, biofiltration can increase NDMA FP by transforming some 
precursors into more potent forms. Biofiltration can also increase NDMA FP by the 
increase of nitrite concentrations at the effluent by the nitrosation pathway (Krasner et al., 
2012a). High removal can still occur, however, when a reported 80% reduction in NDMA 
FP using pilot-scale biologically active carbon (BAC) columns was observed at a 
wastewater reuse facility (Farre´ et al., 2011). Also, riverbank filtration was shown to be 
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effective at a site in the U.S. with approximately 64% reduction in NDMA FP (Krasner et 
al., 2012c). 





-Removal found in low ammonia waters 
(WWTP) (Schreiber and Mitch, 2005) 
-Low removal found in non-nitrified 




-Negative removal (water treatment plant 
(WTP)) (Asami et al., 2009; von Gunten 
et al., 2010) 




-No removal (WTP) (Andrzejewski, 
Kasprzyk-Hordern, and Nawrocki, 2005) 
-Negative Removal (WTP) (Shah et al., 
2012) 




Formation of NDMA in Wastewater from NDMA Precursors 
NDMA has the ability to form in wastewater treatment and drinking water 
treatment. In wastewater treatment, the formation of NDMA can occur during 
disinfection when chlorine is used since wastewater contains a large amount of NDMA 
precursors. In this reaction, chlorine is added to the wastewater containing ammonia. The 
chlorine then undergoes rapid hydrolysis to HOCl and then dissociates to OCl-. It reacts 
with the ammonia in the water to forms chloramine which reacts with NDMA precursors 
to form NDMA. Since chlorine is not highly selective, NDMA can be one of several 
products and yields are usually low (Sedlak and Kavanaugh, 2006).  
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When chlorine is dispersed in the wastewater, a rapid hydrolysis occurs. The 






 for this reaction, and hypochlorous 
acid (HOCl) is a weak acid that dissociates to OCl
- 
(Equations 1 and 2) (USEPA, 1999). 
Simplified reactions are given below: 
Cl2 + H2O → HOCl + H
+
 + Cl2   (Hydrolysis of chlorine)                   (1) 




  (Dissociation of chlorine)                            (2) 
pH controls the relative proportions of HOCl and OCl
-
 (pKa = 7.6). Both of the 
chlorine species in the above reactions are powerful oxidants, capable of reacting with 
many substances present in water (USEPA, 1999). In wastewater with pH 7.0 to 8.5, 
HOCl reacts rapidly with ammonia to form inorganic chloramines in a series of 
competing reactions. This reaction between chlorine and ammonias may yield the 
formation of monochloramine (Equation 3), dichloramine (Equation 4), or 
trichloramine (Equation 5) (Valentine et al., 1998; Karanfil et al., 2007). The simplified 
stoichiometry of chlorine-ammonia reactions are as follows: 
NH3 + HOCl → NH2Cl + H2O                                          (3) 
NH2Cl + HOCl → NHCl2 + H2O                                        (4) 
NHCl2 + HOCl → NCl3 + H2O                                         (5) 
The ratio between the chlorine and nitrogen (Cl2:N) has a large control over the 
competing reactions (USEPA, 1999). Other controlling factors include pH, temperature 
and contact time. The typical relationships between the chloramine species are at various 
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Cl2:N ratios for the neutral pH zone (6.5 to 8.5) (USEPA, 1999). Monochloramine is the 
dominant species when the applied Cl2:N ratio is less than 5:1 by weight (1:1 molar 
ratio). As the applied Cl2:N ratio increases to 7.6:1 (1.5:1 molar ratio), breakpoint 
reaction occurs, reducing the residual chlorine level to a minimum. Breakpoint 
chlorination results in the formation of nitrogen gas, nitrate, and trichloramine. At Cl2:N 
ratios above 7.6:1 (1.5:1 molar ratio), free chlorine and trichloramine are present. Once 
past the chlorine to ammonia ratio of 7.6:1, trichloramine is highly volatile and free 
chlorine is now readily present in the water reaching the breakpoint.  
Once breakpoint chlorination conditions have been reached, NDMA can also 
form involving the reaction between hypochlorite and nitrite (Choi and Valentine, 2003; 
Schreiber and Mitch, 2006). It has been found that NDMA formation is directly 
proportional to the concentration of the organic nitrogen-containing precursors and 
dependent on the dose of disinfectant added to the water (Najm and Trussell, 2001, Choi 
and Valentine, 2002).  
Many industrial processes such as rubber manufacturing and processing, leather 
tanning, metal casting, metalworking using semisynthetic cutting fluids, and food 
processing have led to nitrosamine formation (WHO, 2002).  The nitrosamines are 
formed when amines are in contact with nitrogen oxides, nitrous acid, or nitrite.  
DMA is the simplest form of the organic nitrogen precursors that lead to NDMA. 
It is found in urine and feces that are in the influents to a wastewater treatment plant. Raw 
sewage has ranges from 20 to 80 µg/L of DMA (Mitch and Sedlak, 2002). Only 10% of 
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the DMA in raw sewage leads to the formation of NDMA in wastewaters and natural 
waters (Gerecke and Sedlak, 2003).  
Polymers used in wastewater applications have also been linked to NDMA. Two 
cationic polymers used in wastewater treatment plants, an ADAMQUAT polyacrylamide 
and a DMA-based polyacrylamide, were tested and found to be precursors to NDMA 
(Mitch and Sedlak, 2004). Therefore, to reduce NDMA formation, a reduction in polymer 
dosage can be used. Unfortunately, there are only a few alternate polymers that can be 
used since almost all cationic polymers currently in use will contribute to NDMA 
formation because they are amine-based. 
Another way NDMA can be formed in wastewater is the chlorination of nitrite 
(Choi and Valentine, 2003). Formation can been attributed to a dinitrogen tetraoxide 
(N2O4) intermediate, which then forms •NO which has the ability nitrosate amines. This 
reaction has significantly lower yields than other pathway and is mainly associated with 
NDMA formation during chlorination of wastewater effluents (Shah and Mitch, 2012; 
Walse and Mitch, 2008). Nitrite is more likely to be present in a wastewater effluent if 
there is partial nitrification occurring in the treatment plant. 
If ozone is used as a disinfection process in wastewater treatment facilities, 
ozonation of DMA forms NDMA but yields generally are < 0.02% at neutral pH 
(Andrzejewski et al., 2008). It was also found that NDMA can be formed during 
ozonation at pH greater than 7 through an unknown pathway. NDMA formation during 
ozonation, showed that UDMH, daminozide and semicarbazide, which have UDMH-like 
functional groups, formed NDMA at yields > 50% in further studies performed (Schmidt 
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et al., 2008; von Gunten et al., 2010). Ozonation of N,N-dimethylsulfamide, a 
transformation product of the fungicide tolylfluanide, formed NDMA at 52% yield (von 
Gunten et al., 2010).  
Factors Affecting NDMA Formation in Wastewater 
During wastewater disinfection, chlorine addition can react rapidly with ammonia 
to form a mixture of inorganic chloramines: monochloramine, dichloramine, or 
trichloramine. The determination of these compounds depends highly upon pH, chlorine 
to ammonia ratio, temperature, and contact time. At a 5:1 Cl2:N ratio, monochloramine is 
the dominant species at pH above 8. Alternatively, dichloramine is favored as the pH 
decreases (4 to 5) and/or the Cl2:N ratio increases (5:1 to 7.9:1) (Diehl et al., 2000). 
Further decrease in pH (pH<2), or increase in chlorine to nitrogen ratio leads to formation 
of trichloramine.  
In some initial reports, it was thought that nucleophilic substitution reaction 
between monochloramine and unprotonated secondary amines formed NDMA (Mitch 
and Sedlak, 2002). However, further research showed that dichloramine enhanced 
NDMA formation from dimethylamine, some PPCPs and in few wastewater-impacted 
waters (Mitch et al., 2009; Farre et al., 2010). These findings suggest that NDMA 
formation may not always be limited to only one chloramine species. However, 
dichloramine has been noted to be the most influential in NDMA formation (Mitch et al., 
2009).  
Other factors that affect NDMA formation are pH, increased chloramine dose, 
and bromide. The effect of pH on NDMA formation in natural water and drinking water 
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has been found to increase with increasing pH levels (Krasner et al., 2012b; Mitch and 
Sedlak, 2002; Sacher et al., 2008; Schreiber and Mitch, 2005; Schreiber and Mitch, 2006; 
Valentine et al., 2005). Wastewater effluents (Hatt et al., 2013) and natural waters 
(Sacher et al., 2008) showed an increase in NDMA formation with increasing chloramine 
dose. The presence of bromide was shown to increase NDMA formation but only at 
levels higher than 500 µg/L (Shen and Andrews, 2011a; Shah et al., 2012; Le Roux et al., 
2012a). 
Key Findings from the Literature 
The highest contributor to NDMA and NDMA precursors entering water 
treatment plants is wastewater discharge (Krasner et al., 2013). In a recent study by Rice 
(2013), it was found that wastewater discharge has increased 68% from 1980s to 2008 
and continues to increase.  Figuring out how to remove NDMA precursors from 
wastewater effluent will help decrease the issues water treatment plants are facing. 
Chlorination has been noted to increase and decrease NDMA FP. Other oxidants such as 
chlorine dioxide, ozone, and UV have also been seen to affect NDMA precursors. 
Research has demonstrated that NDMA formation can be reduced by oxidants – such as 
chlorine, ozone, chlorine dioxide, and ultraviolet (UV) – prior to chloramination 
(Charrois and Hrudey, 2007; Chen and Valentine, 2008; Lee et al., 2007, 2008; Shah et 
al., 2012) The use of oxidants can be used to remove NDMA precursors from wastewater 
treatment plants before entering the environment and entering water treatment plants. 
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III. RESEARCH OBJECTIVES AND APPROACHES 
 
Considering the facts that (i) wastewaters have been found to have the highest 
contribution of NDMA precursors that are affecting drinking water treatment plants, (ii) 
several cities depend on the surface water that is under substantial wastewater discharge, 
and (iii) NDMA precursors are sensitive to different oxidants, the main objective of this 
research was to systematically examine the use of oxidants in wastewater applications to 
reduce the NDMA precursors in wastewater effluents determined through NDMA 
formation potential tests. Specifically, this research project focused on the following sub-
objectives: 
 Sub-Objective 1: Examine the effect of disinfection processes (chlorine and UV) at 
full-scale wastewater treatment facilities on NDMA precursors, and further 
investigate the inactivation of NDMA precursors with chlorine in wastewater 
applications. 
Approach: Sub-Objective 1.1: Ten wastewater treatment plants were 
selected to sample choosing plants with either chlorine or UV disinfection. 
In Figure 3.1, wastewater samples were collected from before and after 
the disinfection process, and the NDMA precursor levels were compared.  
Sub-Objective 1.2: From the ten, five wastewater treatment plants were 
selected to sample with varying disinfection processes based on water 
quality. In Figure 3.2, Wastewaters were sampled from before the 
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disinfection process and their FPs were then examined after the addition of 










Figure 3.2 Matrix for Sub-Objective 1.2 
 Sub-Objective 2: Investigate and compare the effects of different oxidants (chlorine 
dioxide, ozone and chlorine) and UV on the reduction of NDMA precursors. 
Approach: Three wastewater treatment facilities were chosen from the ten 
originally sampled to explore the different oxidants. The wastewater 
samples were collected from before the disinfection processes in the 
wastewater treatment facilities. The oxidation processes were added in 
similar fashion to the chlorine in objective 2. Figure 3.3 shows the 
breakdown of the experiment. One plant that had a low amount of 
ammonia was chosen to be tested with and without the addition of 
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Figure 3.3 Matrix for Sub-Objective 2 
 Sub-Objective 3: Observe natural attenuation and degradation of the NDMA 
precursors (that were exposed to different oxidation scenarios) in wastewater 
effluents after discharging to natural systems.  
Approach: One wastewater treatment facility was chosen from the 10 
originally sampled. The water was then sampled from after the clarifier. 
Then a simulation of chlorine at 5 and 10 mg/L, chlorine dioxide at 5 
mg/L, and ozone at 5 mg/L was applied to the wastewater. The effluent 
wastewater was treated with UV which was used to simulate the UV 
treatment. A sample from the clarifier with no disinfection was used as the 
control. The wastewaters were diluted to 50% with lake water and set 
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were tested to observe how natural systems are affecting NDMA 
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IV. MATERIALS AND METHODS 
 
Wastewater Samples Collection and Preservation 
40 L of wastewater samples were collected from selected wastewater treatment 
facilities throughout the upstate in South Carolina. A breakdown of the wastewater 
treatment plants can be seen in Table 5.1. The wastewater samples were collected before 
and after the disinfection process. Collected samples were transported to the lab and 
immediately filtered using pre-washed 0.2 µm Supor® membranes, and stored in a 
refrigerator at 4°C until experiments. The experiments were performed within a week of 
collection. 
Glassware, Reagent Water, & Chemical Reagents 
Glassware was cleaned by tap water and a detergent, then rinsed with distilled 
water five times and finally five times with distilled deionized water (DDW) produced by 
a Millipore water purification system. The glassware was dried at least 105 ºC inside an 
oven to avoid any contamination and dust. All chemicals used were American Chemical 
Society reagent grade or higher. All stock solutions and buffers were prepared fresh at the 
use time. 
Disinfection Application 
Using chlorine, chlorine dioxide, ozone and UV, dosing conditions were targeted 
to capture wastewater disinfection applications. Contact time (CT) values were calculated 
by multiplying the residual oxidant concentrations with time. Initial chlorine 
concentrations were 5 mg/L, 10 mg/L and 20 mg/L, respectively. Chlorine dioxide and 
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ozone had initial concentrations of 2.5 mg/L, 5 mg/L, and 10 mg/L. Following injection 
of oxidants, bottles were periodically analyzed for residual oxidants from contact times 
ranging from 2, 10, 30 and 60 minutes, for Cl2 and ClO2, respectively. Ozone had contact 
times ranging from 2, 5, and 10 minutes because of the quick reaction time. All residual 
oxidants were quenched by stoichiometric doses of sodium thiosulfate. 
The UV disinfection was carried out by a SUNPURE UST-200 EB low pressure 
lamp (Dosing capacity of 60 mJ/cm
2
 at 0.5 gallons per minute). The unit was used batch 
wise with 200 mL sample and operating times of 0, 5, 10, 15, 30, 45, 60, 90, 120, 150, 
and 300 seconds were to achieve 0, 50, 100, 150, 300, 450, 600, 900, 1200, 1500, and 
3000 mJ/cm
2
, respectively.  
Formation Potential Tests 
Formation potential (FP) tests, designed to determine DBP precursors in a 
wastewater sample, are conducted in the presence of an excess disinfectant. Chloramines 
were used as the primary oxidant to investigate the formation of nitrosamines.  
Chloramine FP tests were conducted immediately after oxidation of wastewater 
samples. Calculated amounts of pre-oxidized/quenched wastewater solutions were spiked 
with chloramine and a phosphate buffer. Monochloramine stock solution was prepared by 
mixing diluted sodium hypochlorite and ammonium sulfate solutions at Cl:N mass ratio 
of 4:1 at pH 9. An initial chloramine concentration of 100 mg/L as Cl2 was used at pH 7.5 
in the presence of the 10 mM phosphate buffer, prepared by mixing sodium phosphate 
mono- and dibasic. All the nitrosamine FP tests in this study were carried out in 200 mL 
amber glass bottles without headspace, in the dark at 21-23
o
C, for 5 days of contact time. 
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FP tests for NDMA formation were performed using 250 mL amber bottles. Each 
bottle was initially filled to 200 mL with wastewater sample. Disinfection processes were 
then performed followed by the addition of 25 mL of fresh phosphate buffer and 25 mL 
of fresh monochloramine stock solution. The initial chloramine dose in the bottles was 
100 mg/L. The bottles were capped and shook for a couple of minutes and then stored at 
room temperature (21-23°C). NDMA extractions were performed after 5 days. 
Chlorine and Chloramine Production 
The fresh chlorine stocks were prepared by diluting sodium hypochlorite (5-6% 
available free chlorine) before the experiment each time. Chlorine stock solutions were 
prepared to give a chlorine concentration of ≈2500 mg/L. A fresh monochloramine stock 
solution was prepared by mixing sodium hypochlorite (5-6% available free chlorine) and 
ammonium sulfate solutions at a Cl2:N mass ratio of 3.5:1 or 4.0:1 at pH 9. Chloramine 
stock solutions were prepared to give a chlorine concentration of ≈1000 mg/L.  
Ozone Production 
For the experiments involving ozonation of water samples, ozonation was carried 
out by adding ozone stock solution to the samples. One or two L gas washing bottle 
containing DDW with minimal headspace was placed in ice bath, and the solution was 
ozonated with a GTC-1B Griffin ozone generator fed with ultra-high purity oxygen gas. 
To minimize the fluctuation of ozone output of the ozonator, a glass damper was placed 
between the ozonator and the gas washing bottle. In a typical ozone stock preparation, 
approximately 30 min ozonation would saturate the solution, yielding 28-32 mg O3/L. 
The ozonated samples were mixed on a stir plate for 5 min before chloramination. 
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Chlorine Dioxide Production 
A fresh chlorine dioxide stock was prepared via the slow acidification of NaClO2 
solution with H2SO4 (Jones, 2009). Chlorine dioxide stock solutions were prepared to 
give a chlorine dioxide concentration of either 1500 or 2500 mg/L. 
Analytical Methods 
A summary of the parameters, analytical methods, instruments used in the study 
and minimum reporting level (MRL) are presented in Table 4.1. These methods were 
developed following either Standard Methods or USEPA Methods. All experiments were 
conducted for two independent samples and the results presented in the tables and figures 
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(mg/L) DPD Method HACH Test Kit 0.04 




HACH Test Kit 0.02 
pH  SM 4500-H
+
 












(mg/L) SM 4500-Cl F NA 0.05-0.15 
a
: As reported by the manufacturer. 
b
: Reagent grade potassium hydrogen phthalate was used to prepare external standards.  
c
: SM: Standard Methods.  
d
: Reagent grade potassium nitrate was used to prepare external standards. 
e
: Measured at wavelength of 254 using a 1-cm cell. 
f
: Photometric accuracy (absorbance units). 
g
: Accuracy (pH units).  
NA: Not Applicable  
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Oxidant Concentration Measurements 
Free and combined chlorine concentrations were measured using an N,N-diethyl-
p-phenylenediamine (DPD) method (Standard Method 4500-Cl F). Chlorine samples 
were diluted based on their expected residual chlorine concentration to the range of 0 to 5 
mg/L as Cl2. The sample was then poured into a flask containing 5 mL of DPD indicator 
solution and 5 mL of phosphate buffer. After mixing, the sample was titrated using a 
ferrous ammonium sulfate (FAS) solution to the end-point and titrant volumes were used 
to calculate chlorine concentrations. The DPD indicator solution and FAS solution were 
made according to Standard Method 4500-Cl F. 
The concentrations of the chlorine dioxide were measured using 4500-Cl F (DPD 
Method) method with HACH kits. A few drops of glycine were added to a 10 mL sample, 
and after few seconds, DPD reagent was added. Chlorine dioxide concentrations were 
immediately measured with a HACH DR/820 colorimeter.  
Ozone concentration was measured using the Indigo method. Approximately 40 
mL of sample was transferred to a plastic beaker and a HACH ozone reagent ampul 
(Accuvac) containing indigo reagent is added with the sample. The indigo reagent 
immediately reacts with ozone and the blue color of indigo is bleached in proportion to 
the amount of ozone present in the sample. Ozone in the sample is colorimetrically 
measured with a HACH DR/820 colorimeter. 
NDMA Measurements 
NDMA was analyzed following USEPA Method 521. EPA 521 nitrosamine mix 
(2000 µg/mL of each component, 98.6-99.9%) in methanol, nitrosamine calibration mix 
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of N-nitrosodimethylamine-d6 (NDMA-d6, 98%) as a surrogate and N-nitrosodi-n-
propylamine-d14 (NDPA-d14, 99%) as an internal standard (1000 µg/mL of each in 
dichloromethane (DCM)) were purchased form Sigma Aldrich and Restek. Nitrosamine 
mix (2000 µg/ml of mix) and nitrosamine calibration mix (1000 µg/ml of NDMA-d6 and 
NDPA-d14) solutions served as the master stock solutions. Primary diluted stock (PDS) 
of each stock (~500 µg/L) was prepared by diluting them in DCM for further use in 
calibration curve or extractions. 
Calibration solutions were prepared from a stock of mixed N-nitrosamines. 
Typical calibration curves were generated from at least six standard points. For the 
sample analysis, 200 mL of chloraminated solutions were quenched with sodium 
thiosulfate. NDMA-d6 was added to the samples as a surrogate before extraction. 
Samples were passed through cartridges pre-packed with 2 g of coconut charcoal 
purchased from UCT. Prior to sample extraction, cartridges were pre-conditioned with 
DCM, methanol, and DDW. After solid phase extraction, cartridges were dried with air, 
and then eluted with DCM. Eluted samples were passed through column pre-packed with 
6 g of sodium sulfate and concentrated to 1 mL under high purity nitrogen gas. The 
extracts were spiked with NDPA-d14 as an internal standard, and analyzed using a Varian 
GC 3800-MS/MS 4000 equipped with a RTX-5MS column (Restek 30m × 0.25mm × 
0.25μm) MS using an 8 µL injection volume and chemical ionization (CI) with methanol. 
The temperature program is as follows: injection temperature was 35 °C holding for 0.8 
minute, and then increased to 260 °C at 200 °C/min and held for 2.08 minutes. The 
column temperature program was as follows: 35 °C for 5 minutes, increased to 70 °C at 5 
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°C/min, then to 87 °C at 3 °C/min, then to 120 °C at 5 °C/min, and then to 250 °C at 
40/min holding for 2.48 minutes. All samples and blanks were prepared and extracted in 
duplicates, and then each extract was analyzed on the GC/MS/MS with multiple 
injections. 
Ammonia Measurement 
Ammonia concentrations were measured using the salicylate method with HACH 
kits. Salicylate reagent was added to a 10 mL sample, and after 3 min, cyanurate reagent 
was added. After 15 min reaction, ammonia in the sample was colorimetrically measured 
with a HACH DR/820 colorimeter. Dilutions were performed when necessary before 
measuring ammonia concentrations. The minimal detection limit was 0.02 mg/L.  
UV254 Absorbance 
UV254 absorbance was measured using a Cary 50 UV-Vis spectrophotometer 
(Varian). Samples were placed in a 1 cm quartz cuvette and measured at a wavelength of 
254 nm. The spectrophotometer was zeroed by measuring the absorbance of DDW after 
several rinses. The instrument was zeroed every 10 samples, and method performance 
was monitored using DOC standards made with potassium hydrogen phthalate. 
pH 
The pH values for samples were measured using a SM 4500-H
+
 pH electrode with 
a VWR Symphony pH meter. The pH meter and electrode were calibrated using standard 





Bromide, Nitrite, and Nitrate 
Bromide, nitrite, and nitrate were measured using an ion chromatography system. 
A Dionex ICS-2100 equipped with an AAES suppressor was used to determine these 
anions present in the natural samples. The mobile phase was 9 mM Na2CO3. A Dionex 
AS-HC9 column coupled with an AG-HC9 guard column was used for analyses. The 
injection volume was 250 µL. A calibration curve was obtained by a series of standard 
concentrations (at a low range of 10-1000 µg/L) using NaBr (> 99.9%, Sigma), NaNO2 
(> 99.9%, Sigma), and NaNO3 (> 99.9%, Sigma) and their corresponding MCLs were 10, 




V. RESULTS AND DISCUSSION 
 
Background of Wastewater Treatment Plants 
Ten wastewater treatment plants (WWTPs) using either chlorine or UV 
disinfection were selected, and samples were collected from before and after the 
disinfection process. Table 5.1 provides a brief description of the main treatment process, 
disinfection type, and the average amount of disinfectant applied at each WWTP. Table 
5.2 shows the selected water quality parameters in the wastewater samples used in this 
study. In addition, the elements determined through the Inductively Coupled Plasma 
(ICP) analyses in the wastewater samples are given in Table A.1 in Appendix A. 
The Comparison of Chlorine and UV Disinfection on NDMA FPs 
NDMA FPs of wastewater samples collected from before and after the 
disinfection process at each plant is given in Figure 5.1. The changes in NDMA FP 
values were presented as removal efficiencies in Figure 5.2.  
WWTPs 1 thru 6 use UV disinfection, and their NDMA FP results did not show a 
distinct difference before and after disinfection process. The WWTPs NDMA FPs before 
and after the disinfection were within the ±5% range with the exception of WWTP 2. A 
removal of 22% was observed at the WWTP 2, but it should be noted that there is up to 
20% variability in NDMA measurements. These results are consistent with the findings 
reported in the literature. Shah et al. (2012) has shown that UV treatment at doses less 
than 100 mJ/cm
2
 had minimal effect on NDMA precursors in surface waters. The doses 
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WWTP 7 Extended Aeration Chlorine 1.15 ~5-10 mg/L 
WWTP 8 
Carousel aeration 
with anoxic zone, 
activated sludge 
Chlorine 3.0 ~10 mg/L 
WWTP 9 Trickling Filters Chlorine 10.0 ~5-10 mg/L 
WWTP 10 Extended Aeration Chlorine 0.7 ~10 mg/L 
a 
UCT University of Cape Town 
b 
VIP Virginia Initiative Plant 
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 NH3 NDMA FP 
(mg/L) (1/cm) (L/mg-m) (mg-N/L) (mg-N/L) (mg-N/L) (µg /L) (mg/L) (ng/L) 
WWTP 1 
Before 4.1 0.080 1.9 0.02 4.2 5 57 0.40 684 
After 4.3 0.079 1.8 0.02 4.3 4 54 0.30 710 
WWTP 2 
Before 5.1 0.105 2.1 0.06 20.8 22 11 0.03 1649 
After 4.7 0.108 2.3 <MRL 20.2 21 5 0.03 1284 
WWTP 3 
Before 6.0 0.100 1.7 0.07 16.1 18 34 0.80 1868 
After 6.1 0.092 1.5 0.06 15.8 17 35 0.80 1701 
WWTP 4 
Before 4.9 0.113 2.3 <MRL 12.9 14 72 0.06 1415 
After 4.9 0.109 2.2 <MRL 13.2 14 67 0.05 1344 
WWTP 5 
Before 9.4 0.154 1.6 0.24 13.9 15 85 0.05 3059 
After 8.0 0.143 1.8 1.63 14.8 16 88 <MRL 2849 
WWTP 6 
Before 9.5 0.131 1.4 <MRL 8.8 10 194 <MRL 1252 
After 8.5 0.131 1.5 <MRL 8.9 10 190 <MRL 1226 
WWTP 7 
Before 5.6 0.109 1.9 0.04 14.9 16 38 0.80 1451 
After 5.9 0.125 2.1 0.02 15.4 16 24 0.80 1381 
WWTP 8 
Before 4.7 0.098 2.1 <MRL 1.9 3 10 0.07 1564 
After 5.0 0.079 1.6 <MRL 1.9 3 1 <MRL 205 
WWTP 9 
Before 14.2 0.159 1.1 0.04 15.2 20 40 3.60 3330 
After 16.0 0.165 1.0 0.02 16.0 20 34 3.20 3126 
WWTP 
10 
Before 7.2 0.098 1.4 <MRL 3.3 5 44 0.03 1467 
After 7.5 0.066 0.9 <MRL 3.3 5 49 0.08 246 
a
 DN: Dissolved Nitrogen 
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WWTPs 7 thru 10 use chlorine for disinfection, and they exhibited different degrees of 
NDMA FP removal. WWTP 7 and 9 showed significantly less removal which was 
attributed to their higher ammonia concentrations (~1 to 4 mg/L in Table 5.2). Ammonia 
has fast reaction kinetics with chlorine and competes with NDMA precursors for the 
available chlorine. In the presence of trace levels of ammonia (<0.1 mg/L), chlorine 
showed a very high removal (~80%) of NDMA precursors in both WWTPs 8 and 10. 
The presence of bromide was shown to increase NDMA formation but only at 
high levels (> 500 µg/L) (Shen and Andrews, 2011a; Shah et al., 2012; Le Roux et al., 
2012a). Since the wastewaters tested in this study did not have very high bromide 
concentrations (Table 5.2), this was not a factor in this study. 
The key findings from these experiments are (i) low pressure UV disinfection was 
not effective decreasing the NDMA FP in wastewater effluents. Therefore, switching 
from chlorine to UV disinfection will release higher amount of NDMA FP to receiving 
water bodies, and (ii) chlorine was effective at reducing NDMA FP for low ammonia (< 








Figure 5.1 Comparison of before and after disinfection of the ten WWTPs for  
NDMA FP, Ammonia, and DOC. [A] shows the comparison of before and after 
disinfection of the ten WWTPs for NDMA FP. Below [B] shows the comparison of 
before and after disinfection for ammonia (mg/L). [C] shows before disinfection after 








































































































Figure 5.2 The percent removal of NDMA FP for all ten WWTPs. Standard deviations 


















































































The Effect of Chlorine as an Oxidant to Reduce NDMA FP in Wastewater Effluents 
 Since chlorine showed variable efficiency at removing NDMA precursors, further 
experiments were performed to investigate the roles of chlorine dose and contact time for 
five of the chosen wastewater treatment plants based on varying water quality. Samples 
were collected from WWTPs 1, 3, 5, 7 and 9 before the disinfection process. Chlorination 
at doses of 5, 10 and 20 mg/L were applied and then quenched at times of 2, 10, 30, and 
60 minutes. The NDMA FP test was performed immediately after and compared with the 
control sample to determine the removal efficiency. 
For the sample from WWTP 1, a dose of 10 and 20 mg/L of chlorine showed very 
similar trends with the reaction plateauing after 2 minutes reaching from 78 to 92% 
NDMA FP removal (Figure 5.3). At the 5 mg/L of chlorine dose, the reaction plateaued 
at 10 minutes and only reached up to 70% removal (Figure 5.3 B). This lower level of 
removal was attributed to the background chlorine demand (NH3, DOC etc…) of the 
samples.   A dose of 10 or 20 mg/L of chlorine showed very similar trends with the 
reaction plateauing after 10 minutes reaching from 51 to 91% removal. At 5 mg/L dose of 
chlorine, the reaction reached the highest removal at 30 minutes which was only 69% 
removal (Figure 5.3 B). 
WWTP 5 sample had negligible amount of ammonia but elevated levels of 
organic carbon (Table 5.2).  For a dose of 10 and 20% mg/L of chlorine, it was possible 
to reach above 80% NDMA FP removal in 10 minutes contact time, while with 5 mg/L of 
chlorine, it was possible to achieve about 60% NDMA FP removal in 30 min. (Figure 
5.5). The lower removal at 5 mg/L indicates the background chlorine demand of the 
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wastewater from compound like DOC in the water since ammonia level in this water was 
negligible.  
In the WWTPs 3 and 7 samples, higher levels of ammonia (~0.80 mg/L) were 
present, and the waters were relatively similar in water quality (Table 5.2). For the 5 
mg/L dose of chlorine, there was a relative small removal of NDMA precursors (-10 to 
20%) (Figures 5.4 and 5.6). However, the NDMA FP removal reached about 90% in 10 
minutes for 10 mg/L, and 95% after 2 min for a dose of 20 mg/L of chlorine. In both 
wastewaters, the residual of chlorine for the initial doses of 5 and 10 mg/L dropped down 
to an average of 1 mg/L of free chlorine. The monochloramine was formed immediately 
in all three doses and was consistent around 1 mg/L. Dichloramine was not detected in 
the samples.  
For the WWTP 9 sample, a dose of 5 and 10 mg/L of chlorine did not have a 
distinct effect on NDMA FP (Figure 5.7). This is probably caused by the high levels of 
ammonia in the wastewater (3.60 mg/L). At 5 and 10 mg/L chlorine doses, almost all 
chlorine was consumed immediately, and monochloramine was measured at an average 
of 4 mg/L and 7.5 mg/L for chlorine doses of 5 and 10 mg/L, respectively. The highest 
dose of chlorination was able to achieve only an average removal of 36%, and a residual 
of free chlorine dropped to below 1 mg/L after 5 minutes and monochloramine increased 





Figure 5.3 [A] WWTP 1 NDMA FP and [B] the percent removal of NDMA precursors after oxidation with chlorine 
concentrations. Standard deviation was calculated for the error bars. 
  
Figure 5.4 [A] WWTP 3 NDMA FP and [B] the percent removal of NDMA precursors after oxidation with chlorine 






















































































































Figure 5.5 [A] WWTP 5 NDMA FP and [B] the percent removal of NDMA precursors after oxidation with chlorine 
concentrations. Standard deviation was calculated for the error bars. 
 
  
Figure 5.6 [A] WWTP 7 NDMA FP and [B] the percent removal of NDMA precursors after oxidation with chlorine 























































































































Figure 5.7 [A] WWTP 9 NDMA FP and [B] the percent removal of NDMA precursors after oxidation with chlorine 



























































The results show that ammonia levels in the water compete for the chlorine, thus 
the amount of ammonia to chlorine ratio could be a factor in the removal of NDMA 
precursors. Therefore, the role of chlorine to ammonia ratio was further examined (Table 
5.3 and Figure 5.8). In Figure 5.8, the percent removal for NDMA FP was compared to 
the log of the chlorine to ammonia ratios. A trend of percent removal of NDMA FP 
increased with increasing chlorine to ammonia ratio. For WWTP 9, the ratios for 5 and 
10 mg/L doses of chlorine show to be on the beginning of the breakpoint chlorination 
curve (Stars 1 and 2 on Figure 5.9) where monochloramine formation due  to elevated 
ammonia levels result in the observed low level of NDMA FP removals. At 20 mg/L, the 
ratio of 5.6:1 is between mono and dichloramine regions (Star 3), and shows more 
removal than 2.5 and 5 mg/L doses but still has lower removal. WWTPs 3 and 7, at dose 
5 mg/L of chlorine have a ratio of 6.25 to 1 which put them (star 4) in the dichloramine 
range on the breakpoint. The other ratios all exceed into the free chlorine range 





Figure 5.8 The NDMA FP Percent removal compared to the log of the chlorine to 
ammonia ratios for WWTPs 1, 3, 5, 7, and 9  
 
 
Table 5.3 Chlorine to Ammonia Mass Ratios   
Sample NH4+ 
Chlorine Dose 
5 mg/L 10 mg/L 20 mg/L 
 Ratios  
WWTP 1 0.4 mg/L 12.5:1 25:1 50:1 
WWTP 3 0.8 mg/L 6.25:1 12.5:1 25:1 
WWTP 5 0.05 mg/L 100:1 200:1 400:1 
WWTP 7 0.8 mg/L 6.25:1 12.5:1 25:1 







































Figure 5.9 Breakpoint Chloramine Curve. On the curve, numbers 1 thru 5 represent 
where points from Sun-Objective 1.2 fall along the curve. Stars 1, 2, and 3 
represent the chlorine to ammonia ratios of 1.4:1, 2.8:1 and 5.6:1 from 
WWTP 4, respectively. Star 4 represents the chlorine to ammonia ratio of 
6.25:1 from WWTPs 3 and 7. Star 5 represents all other chlorine to 
ammonia ratios.  
 
All five of the WWTPs could have a rapid reaction with the ammonia present in 
the wastewater. In previous research, it was found that during wastewater disinfection, 
chlorine addition can react rapidly with ammonia to form a mixture of inorganic 
chloramines that may contain monochloramine, dichloramine, or trichloramine (Diehl et 
al., 2000). It was found that monochloramine was mostly formed during the residual tests 
performed. pH, chlorine to ammonia ratio, temperature, and contact time determined 
which of these compounds is formed. At a 5:1 Cl2:N ratio, monochloramine was the 
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decreased (4 to 5) and/or the Cl2:N ratio increased (5:1 to 7:1) (Diehl et al., 2000). There 
was no dichloramine measured at any of the WWTPs.  
For each WWTP, removal of NDMA precursors was seen on varying levels after 
the addition of free chlorine. Removal with chlorine as a disinfection in wastewater 
treatment plant follows trends in literature by Pehlivanoglu-Mantas and Sedlak, (2006), 
where a 70% decrease of NDMA precursors was found. This could be attributed to 
hypochlorous acid or hypochlorite reacting with NDMA precursors. When the samples 
were then exposed to monochloramine after a ten day contact time, a lower concentration 
of NDMA was formed because the organic chloramines that formed do not react readily 
to monochloramine (Mitch et al., 2003b). In another study performed in water treatment 
plants, pre-oxidation with chlorine has been shown to reduce NDMA FP by 50% from 
selected pharmaceuticals and personal care products (Shen and Andrews, 2013). In 
wastewater treatment, the chlorine doses are usually higher than in water treatment plants 
to reach target levels for disinfection. 
 The results of these experiments show that the effectiveness of chlorine for 
reducing NDMA FP in WWTP will depend on the chlorine demand of background water 
(e.g., NH3 and DOC levels). In this study, except for very high ammonia level (~4 mg/l) 
sample, above 80% NDMA FP removal were observed using 10 mg/L chlorine dose and 




The Effects of Chlorine dioxide, Ozone, and UV on NDMA FP Reduction 
In this study, the use of chlorine dioxide, ozone, and UV for NDMA FP reduction 
was also examined. In the literature, all three oxidants have shown to affect NDMA 
precursors with varying results (Andrzejewski, Kasprzyk-Hordern, and Nawrocki, 2005; 
Asami et al., 2009; von Gunten et al., 2010; Charrois and Hrudey, 2007; Chen and 
Valentine, 2008; Lee et al., 2007, 2008; Shah et al., 2012; Sacher and Schmidt, 2008; 
Zhang et al., 2014). Two WWTPs from sub-objective 2, one with low ammonia and one 
with high ammonia, were chosen to assess the effectiveness of three different oxidants. 
WWTP 1 sample had 0.4 mg/L ammonia, while WWTP 9 sample had a concentration of 
3.6 mg/L ammonia.  
In water treatment, pre-oxidation has demonstrated control over NDMA 
formation with chlorine, ozone, chlorine dioxide, permanganate, ferrate, hydrogen 
peroxide, UV and sunlight (Charrois and Hrudey, 2007; Chen and Valentine, 2008; Lee 
et al., 2007, 2008; Shah et al., 2012). Only a few studies have been completed on 
oxidation in wastewater (Mitch et al., 2005 and Schreiber and Mitch, 2005).  
For the application of UV disinfection, a low-pressure lamp was used which 
produces light in a narrow band of 254 nm wavelength. A range of doses that included 
50, 100, 150, 300, 450, 600, 900, 1200, 1500, and 3000 mJ/cm
2 
were tested. WWTP 1 
and WWTP 9 show similar trends in removal of NDMA FP (Figure 5.10). WWTP 1 has 
a maximum of 31% removal, and WWTP has a maximum of 26% removal, but both 
maximums were achieved at 3000 mJ/cm
2
.  The decrease in the NDMA FP follows the 
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same trends as seen in sub-objective 1 with the WWTPs and showed that in effective 
nature of UV at typical disinfection applications in WWTPs.  
 
Figure 5.10 The effect of UV disinfection on [A] WWTP 1 and [B] WWTP 9. Error bars 
represent the standard deviation for each dose.   
 
Ozone was highly effective at removing NDMA precursors with the applications 
of 2.5, 5, and 10 mg/L with little difference at times of 2, 5, and 10 minutes (Figure 





































































NDMA FP was observed with 2.5 mg/L ozone dose and 2 min. contact time, and little to 
no further removal was observed after 2 minutes. The ozone residual showed to decrease 
close to or to 0 by 10 minutes. Residual concentrations for ozone are shown in Figure 
C.2 in Appendix C.  
Ozone has been reported in literature to remove NDMA precursors to varying 
degree. Ozone has shown to have high removal of NDMA precursors in water treatment 
(Sacher and Schmidt, 2008). When the use of ozonation was tested in lab-scale 
experiments with various aliphatic amines, slow decay was observed and was deemed 
insufficient (Mitch et al., 2003b). The formation of NDMA during ozonation has been 
observed without the following of chloramination with precursors such as amides 
(Schmidt and Brauch, 2008; von Gunten et al., 2010), anti-yellowing agents (Kosaka et 
al., 2009), and polymers (Padhye et al., 2011a). When these precursors occur in natural 
waters, ozonation alone actually led to the formation of NDMA (Asami et al., 2009; von 





Figure 5.11 The effect of ozone oxidation on [A] WWTP 1 and [B] WWTP 9. Standard 
deviation was calculated for the error bars 
  
For chlorine dioxide, the decrease in NDMA FP was lower in WWTP 9 than 1 at 
2.5 mg/L chlorine dioxide dose and remained about 40% (Figure 5.12). Since chlorine 
dioxide does not react with ammonia (Hoigné and Bader., 1994), this was attributed to 











































































mg/L). However, when 5 mg/L chlorine dioxide dose was employed, it was possible to 
accomplish 80% or higher NDMA FP removal after 10 min. contact time for both 
WWTP 1 and 9 was found. It was noted that in WWTP 9, there was better removal of 
NDMA precursors compared to chlorine disinfection which agrees with Zhang et al. 
(2014) (Figure 5.13). 
Recent research conducted for drinking water treatment plants, bench and full-
scale experiments with chlorine dioxide contact before chloramination resulted in 
significant reductions (up to 94 %) in NDMA formation potential (Lee et al., 2007; 
Sacher et al., 2008). It has also been found that in bench and full scale experiments in 
drinking water treatment plants with free-chlorine contact before chloramination resulted 
in significant reductions in NDMA formation potential and formation (Charrois and 
Hrudey, 2007; Sacher et al., 2008; Chen and Valentine, 2008; Shah et al., 2012).  
Chlorine dioxide is a highly selective oxidant. Chlorine dioxide was found to have 
a higher yield of DMA than ozone after breaking down NDMA (Sacher and Schmidt, 
2008). In a recent study done by Zhang et al, 2014, the degradation rates of ranitidine and 
PPCPs in ten days increased with the increase of chlorine dioxide dose and at doses of 
0.1, 0.5, 1, and 2 mM, the removal efficiencies of ranitidine in 2 min were 35%, 74%, 
75%, and 77%, respectively. This was found to be less than those during NaOCl 
chlorination which coincides with this research.   
Chlorine dioxide is relatively stable and has a lower reactivity than chlorine in the 
form of NaOCl (Schreiber and Mitch, 2005). pH has also been found to have a strong 
effect on the disinfection efficiency of chlorine dioxide with neutral pH potentially being 
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limiting (Navalon, Alvaro, and Garcia, 2009). Chlorine dioxide can also either decrease 
or increase NDMA formation (Lee et al., 2007; Sacher et al., 2008; Shah et a., 2012) by 
conversion of precursors to DMA or unknown intermediates. The pH set in the 










Figure 5.12 The effect of chlorine dioxide oxidation on [A] WWTP 1 and [B] WWTP 9. 













































































Figure 5.13 The comparison of chlorine and chlorine dioxide disinfection on WWTP 9. 
Standard deviation was calculated for the error bars. 
 
To further observe the effect of ammonia on chlorine dioxide, more samples from 
WWTP 1 were collected and the chlorine dioxide disinfection was applied at 2.5 and 5 
mg/L at times of 2, 10, 30, and 60 minutes (Figure 5.14), same as in previous 
experiments indicated by the [1] on Figure 5.14. Another batch was then spiked with 
ammonium chloride to reach a concentration of 3 mg/L ammonia in the water and the 
same chlorine dioxide disinfection was applied.  
 A control experiment was performed with the addition of ammonium chloride in 
DDI water to observe the effect of ammonia on chlorine dioxide. No effect was observed.  
With the extra experiments, initially the added ammonia seemed have an effect on the 





































control this was disproven. The removal could be effected by the background organics 
and DOC in the water. The dose of 5 mg/L showed better removal for all scenarios. At 
the dose of 2.5 mg/L at 2 minutes with the added ammonia for WWTP 1, it was seen that 
there was actually an increase in NDMA precursors. The reaction observed seems to be 
completed by 10 minutes with little change afterwards, which is because chlorine dioxide 
is quick to react and consumption happens rapidly. Residuals can be viewed in Figure 














Figure 5.14 Oxidation for WWTP 1 and WWTP 1 with added ammonia with chlorine 
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The key findings from these experiments are (i) low pressure UV was not 
effective for decreasing NDMA FP, only 30% decrease was observed at 3,000 mJ/cm
2
, 
(ii) Ozone was highly effective at removing NDMA precursors. It was possible to remove 
above 90% decrease in NDMA FP in 2 min contact time in both low and high 
background ammonia and DOC waters. The ozone residuals rapidly decreased close to 
zero before or at 10 minutes, (iii) the removal of NDMA FP with chlorine dioxide varied 
from 19 to 90%; however it was possible to achieve 80% removal with 5 mg/L chlorine 




Natural Attenuation of NDMA Precursors from Wastewater Effluents 
 
Downstream water treatment plants have the potential of increased NDMA FP 
from upstream wastewater treatment plant effluents (Sedlak et al., 2005). Dilution is the 
main process to reduce NDMA precursors entering water treatment plants in wastewater 
effluent dominated surface waters (Sedlak et al., 2005). Wastewater treatment plants have 
concentrations of NDMA FP ranging from 660-29000 ng/L with a median of 1340 ng/L 
recently found in a study done by Sedlak (2005) of 7 municipal wastewater treatment 
plants. To observe the natural attenuation of NDMA precursors in wastewater effluents, a 
controlled experiment was performed to view the effects of different NDMA FP removal 
techniques. Chlorine, chlorine dioxide, ozone, and UV were chosen to observe.  
For this experiment, WWTP 1 was selected to sample and many variables were 
held in control. Six scenarios were selected: chlorine at 5 and 10 mg/L, chlorine dioxide 
at 5 mg/L, ozone at 5 mg/L, UV (collected from the effluent of WWTP 1 at 72 mJ/cm
2
), 
and a control.  The wastewater was collected before disinfection, except for the UV 
scenario which was collected from WWTP 1’s effluent. The four oxidation scenarios 
(chlorine at 5 and 10 mg/L, chlorine dioxide at 5 mg/L, ozone at 5 mg/L) were spiked 
with oxidant and held a contact period of 5 minutes. The reactions were quenched upon 
the end of the 5 minutes. The control had no change. Finally, all six scenarios were 
diluted 50% with the same lake water (background formation potential of 62 ng/L of 
NDMA). The bottles were kept outside and stirred daily. The samples did not have any 




NDMA precursor removal was found in the oxidation scenarios: chlorine at 5 and 
10 mg/L, ozone at 5 mg/L and chlorine dioxide at 5 mg/L seen in Figure 5.15. There was 
little to no removal found by UV. In Figure 5.16, it can be observed that after initial 
removal of NDMA FP there was little change for the four oxidation scenarios. The 
biggest changes were seen in chlorine at a dose of 10 mg/L among the oxidants at 32 %.   
UV effluent and the control had the highest NDMA FP which could mean that 
there was more readily degradable NDMA precursors. The control showed a 50% 
decrease in NDMA precursors by day 7 and then  82% decrease by day 20. The effluent 
wastewater treated with UV at 72 mJ/cm
2
 showed similar trends to the control with 50 % 
removal at day 7 and then 73% removal by day 20. The bottles with chlorine at 5 mg/L 
dose, ozone, and chlorine dioxide could have removed these degradable NDMA 
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In recent research, full scale disinfection in wastewater systems show between 5 
and 20% of NDMA precursors converted to NDMA (Sedlak et al., 2005). It was 
estimated that if free chlorine was used as the primary disinfectant, followed by 
chloramine, a lower concentration of NDMA would form in distribution systems. Hence, 
if water was chloraminated without free chlorine pre-treatment, the formation of NDMA 
poses a higher risk in drinking water plants (Pehlivanoglu-Mantas and Sedlak, 2006). 
This could potentially be accomplished with the addition of free chlorine (chlorine 
disinfection) at wastewater treatment plants before the wastewater enters into a natural 
system removing NDMA precursors. 
A possible reversal for the destruction of NDMA precursors has also been found 
(Pehlivanoglu-Mantas and Sedlak, 2006). In  chlorinated wastewater effluents, many 
chlorine-substituted organic amines are relatively stable in the presence of sulfite and 
bisulfite (Jensen and Helz, 1998). In the presence of bacteria, the reactions could be 
reversed after extended incubation periods which would lead to similar concentrations of 
NDMA precursors for samples not treated with chlorine (Pehlivanoglu-Mantas and 
Sedlak, 2006). 
The key findings from this experiment are (i) oxidants chlorine, ozone, and 
chlorine dioxide are good at removing NDMA precursors but little change is observed 
after entering a natural system, (ii) the most change occurred with the oxidants was 
chlorine at 10 mg/L with a 32% decrease, (iii) UV showed to have little removal of 
NDMA precursors which follows literature and previous objectives in this research; 
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however, it did degrade 50% by day 7 and then 73% by day 20, and (iv) the control 
showed 50% degradation in NDMA precursors by day 7 and then 82% by day 20.  
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VI. CONCLUSIONS AND RECOMMENDATIONS 
 
The results of this study have shown that: 
Low pressure UV treatment at WWTPs was not efficient at reducing NDMA 
formation potentials. With the exception on WWTP 7 at 22% removal, the WWTPs 
NDMA FPs before and after the UV disinfection were within the ±5% range. On the 
other hand, chlorination was able to remove NDMA precursors when ammonia was at 
lower concentrations. At higher levels of ammonia, there was a rapid reaction between 
chlorine and ammonia decreasing the amount of chlorine available to react with NDMA 
precursors consequently inhibiting significant removal of them. These results confirmed 
our hypothesis that switching from chlorine to UV disinfection can make a significant 
impact on the release of NDMA precursors to the receiving water bodies. 
Chlorine was further explored to investigate its impact on removing NDMA 
precursors. WWTP 1 and 5 had similar trends with removals from 51 to 91%. In WWTP 
3 and 7, there were higher levels of ammonia present (0.8 mg/L), and a distinct effect was 
observed due to the rapid reaction between ammonia and chlorine forming chloramines. 
At 5 mg/L, little removal was observed due to the consumption of chlorine by ammonia. 
At 10 and 20 mg/L chlorine, >90% removal was observed in both WWTPs. WWTP 9 had 
the highest ammonia concentration at 3.6 mg/L, and the removal from 5 and 10 mg/L 
showed to have little effect at removing NDMA precursors. This also could be due to the 
consumption of chlorine by ammonia since chlorine residuals were almost consumed 
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immediately and monochloramine was measured at an average of 4 mg/L and 7.5 mg/L 
for chlorine doses of 5 and 10 mg/L, respectively.  
Ozone was highly effective at removing NDMA precursors (~90
+
%) at all doses. 
The reaction was quick and ozone residual reduced substantially reaching zero or close to 
zero in 10 minutes. After 2 minutes, there was not much change observed in the removal 
efficiencies. Chlorine dioxide was also efficient in removing NDMA precursors with the 
highest removal at a dose of 10 mg/L. At a dose of 2.5 and 5 mg/L, removal was 
observed in the range of 19% to 90% depending on dose, contact time and background 
organic matter concentrations. Background DOC seemed to be competitive with the 
chlorine dioxide which could explain the lower reduction in NDMA precursors at the 
lower doses.  
The natural attenuation of the NDMA precursors showed that oxidants chlorine, 
ozone, and chlorine dioxide are good at removing NDMA precursors, and little change is 
observed after entering a natural system. On the other hand, UV showed initially to have 
minimal removal of NDMA formation potential; however, it did degrade 50% by day 7 
and then 73% by day 20. The control (i.e., clarifier effluent) showed similar trends with a 
decrease in the NDMA formation potential by 50% at day 7 and then 82% by day 20. 
Generally, this research has concluded that low pressure UV has negligible effect 
on the removal of NDMA precursors in all conditions tested. Chlorine, ozone, and 
chlorine dioxide could be used to remove NDMA precursors in wastewater applications. 
Ozone was very effective at relatively small doses and short contact times. The 
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effectiveness of chlorine and chlorine dioxide depended on the dose, contact time and 
background constituents (e.g., ammonia and DOC). These findings demonstrate that use 
of oxidants at WWTPs can benefit downstream water treatment plants and future 
applications of water reuse by finding ways to remove the NDMA precursors.  
For future research, advanced oxidation could be experimented where UV is 
coupled with hydrogen peroxide or Fenton’s reagent to improve the deactivation of 
NDMA precursors. Testing of oxidants in additional WWTP effluents with different 
treatment configurations (nitrogen and phopshorus removal), thus water quality, can 
provide further insight to the effectiveness of the oxidants. Cost analysis can also be 
investigated for implementing the oxidants in wastewater treatment plants compared to 













































P K Ca Mg Zn Cu Mn Fe S Na B Al 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
WWTP 
1 
Before 0.43 6.74 11.7 10.24 0.02 0.02 0.05 0.03 6.23 29 0.13 <0.03 
After 0.42 6.65 11.7 9.80 0.02 0.02 0.05 0.02 6.22 29 0.13 <0.03 
WWTP 
2 
Before 3.58 10.62 13.1 17.49 0.06 0.01 0.01 0.10 6.51 42 0.53 0.04 
After 3.58 10.60 13.3 17.29 0.06 0.01 0.01 0.11 6.47 42 0.53 0.05 
WWTP 
3 
Before 0.43 6.74 11.7 10.24 0.02 0.02 0.05 0.03 6.23 29 0.13 <0.03 
After 0.42 6.65 11.7 9.80 0.02 0.02 0.05 0.02 6.22 29 0.13 <0.03 
WWTP 
4 
Before 2.57 11.22 17.9 10.05 0.07 <0.004 0.03 0.13 8.06 57 0.19 0.06 
After 2.60 11.30 18.1 10.17 0.07 <0.004 0.03 0.11 8.11 57 0.19 0.05 
WWTP 
5 
Before 0.96 >27.20 21.3 5.35 0.05 0.01 0.02 0.06 23.92 118 0.18 0.03 
After 1.02 >27.87 22.4 5.43 0.05 0.02 0.01 0.05 25.52 >120 0.18 0.04 
WWTP 
6 
Before 0.76 22.23 51.8 1.04 0.07 <0.004 0.01 0.11 9.30 77 0.32 0.05 
After 0.19 22.53 52.6 1.05 0.06 <0.004 0.01 0.11 9.29 77 0.32 0.05 
WWTP 
7 
Before 1.41 9.85 11.4 2.17 0.07 0.03 0.07 0.02 7.31 39 0.12 0.05 
After 1.25 9.84 13.9 2.56 0.06 0.02 0.05 0.02 10.31 41 0.12 0.03 
WWTP 
8 
Before 3.38 9.13 12.2 25.10 0.05 <0.004 0.01 0.05 8.84 37 0.12 0.05 
After 3.39 9.12 12.4 24.03 0.05 <0.004 0.01 0.04 16.25 45 0.12 0.04 
WWTP 
9 
Before 2.07 10.56 12.2 7.56 0.03 0.03 0.08 0.20 6.83 31 0.14 0.05 
After 2.25 10.83 13.1 7.94 0.04 0.02 0.09 0.18 10.04 32 0.14 0.05 
WWTP 
10 
Before 2.08 8.32 7.0 1.26 0.03 0.02 0.01 0.04 4.70 68 0.08 <0.03 
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